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Abstract: An eﬃcient visible light driven photocatalyst, gold nanoparticles (NPs) modiﬁed BiVO4 (Au/
BiVO4), has been synthesized by deposition-precipitation with urea method. Au/BiVO4 exhibits enhanced pho-
tocatalytic activity for phenol degradation under λ>400 nm irradiation but negligible activity under λ>535 nm,
indicating that the surface plasmon resonance (SPR) eﬀect is too weak for organic photodegradation. According
to the photoelectrochemical results of the porous powder electrodes of BiVO4 and Au/BiVO4, the SPR eﬀect
of Au NPs has been assessed. The role of Au NPs as electron sinks or sources, which is controllable by incident
photon energy and applied potentials, has been discussed.
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Introduction
Photocatalysis is promising to be an eﬃcient way to
convert and utilize solar energy. Much work has been
done to develop novel photocatalysts with desirable
photocatalytic performance, such as a wide range of op-
tical response accompanying with high eﬃciency and
long term stability [1-3]. Bismuth vanadate (BiVO4)
with monoclinic scheelite structure (Eg∼2.4 eV) ex-
hibits a strong potential on water splitting and organic
pollutants decomposition under visible light irradiation
[4-6]. Therefore it has become to be another popular
photocatalyst. However, BiVO4 always has a low spe-
ciﬁc area and shows only limited photocatalytic activ-
ity. Fabricating a composite with a variety of hetero-
junctions is an important approach to promote the sep-
aration of photogenerated carriers, so as to enhance the
photocatalytic performance dramatically. As we know,
surface modiﬁed photocatalyst with noble metals such
as Ag, Au, Pt, etc. is one of the most frequently applied
heterojuctions [7-9]. These metal particles can serve as
sinks for photoinduced electrons and promote interface
charge-transfer process [10].
On the other hand, nanoparticles (NPs) of noble met-
als have strong absorption in the range of visible light
due to the well-known surface plasmon resonance (SPR)
eﬀect. The aim of photocatalysis is to utilize photon en-
ergy initiating electron transfer and resulting in chem-
ical reactions. SPR eﬀect happens to be a mergence
of photon and electron at nanoscale dimensions [11].
With the increasing attention on the SPR eﬀect, the
role of gold nanoparticles on the photocatalytic degra-
dation of organic pollutants has been reconsidered re-
cently. The charge transfer of photoexcited SPR elec-
trons from the gold NPs to the conduction band of
TiO2 has been observed indirectly by plasmon-induced
photoelectrochemistry [12-14] or directly by the fem-
tosecond transient absorption spectroscopy [15]. Re-
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cently the visible-light driven photocatalytic reactions
originated from the SPR eﬀect of Au NPs has been
veriﬁed [16-18]. Several visible light plasmonic photo-
catalysts with noble metal NPs, such as Ag/AgCl [19],
Ag/AgI/Al2O3 [20], Au/TiO2[17,18], etc., have been
developed and attracted considerable attention.
Compared with silver, metallic gold is a more sta-
ble noble metal with extraordinarily high activity in
many catalytic reactions, and is widely employed as
a catalyst for CO oxidation at low temperatures [21].
Recently, the eﬀect of Au NPs SPR on photocatalytic
reactions has been stressed. The action spectrum of the
photocatalytic activity of gold modiﬁed TiO2 induced
by SPR eﬀect has been reported by Kowalska et al.
[17]. However, according to the photoelectrocatalytic
tests of FTO/WO3/BiVO4 electrode modiﬁed with Au
NPs, Chatchai et al. denied the beneﬁcial role of SPR
eﬀect for the catalytic activity under visible light irra-
diation, but only conﬁrmed the promoted charge trans-
fer process after Au NPs deposition [22]. Therefore
it is diﬃcult to evaluate the roles of SPR eﬀect and
electron sinks during photocatalytic reactions, and it is
still a challenge to obtain detailed information on the
photogenerated charges transfer process at the inter-
face of Au NPs and photo-response semiconductors. In
this contribution, an eﬃcient visible light response pho-
tocatalyst, Au modiﬁed BiVO4 has been synthesized
by deposition–precipitation with urea method, which
is more favorable to produce highly active Au/BiVO4
with homogeneous Au NPs than the photodeposition
technique. According to the photoelectrochemical mea-
surements, photogenerated charge transfer information
at the interface of the composite has been analyzed,
and the role of Au NPs under diﬀerent conditions has
been discussed.
Experimental
Monoclinic BiVO4 powders were prepared according
to the description of Kohtani et al. [6]. The preparation
of gold modiﬁed BiVO4 (Au/BiVO4) was performed by
a deposition-precipitation with urea (DP urea) method
[23]. Brieﬂy, 1 g of BiVO4 powders were dispersed
into 0.42 M urea solution, then a desirable amount of
HAuCl4 aqueous solution was added to make Au con-
tents as 0.25 wt%, 0.5 wt%, 1 wt% and 2 wt% that of
BiVO4. The suspension was ultrasonically treated for
15 min, and then continuously stirred under 90℃ for
4 h in an airproof condition. The resulting precipitate
was collected, washed with deionized water and dried.
Finally Au/BiVO4 is obtained by calcined at 300℃ for
2 h.
The micrograph and surface morphology of the par-
ticles was observed by a high resolution-transmission
electron microscopy (HRTEM, JEM100-CX JEOL) and
a scanning electron microscope (SEM, FE-SEM FEI
SIRION 200). Diﬀuse reﬂectance spectra were recorded
on a TU-1901 spectrophotometer equipped with a dif-
fuse reﬂectance accessory (Beijing purkinje general in-
strument Co., Ltd., China), and the reﬂectance was
converted to F(R∞) values according to the Kubelka-
Munk method. X-ray absorption near edge structure
(XANES) of Au LIII edges were carried out by the X-ray
absorption ﬁne structure (XAFS) beamline (BL14W1)
at Shanghai Synchrotron Radiation Facility (SSRF) in
China.
Phenol degradation was employed to evaluate the
photocatalytic activity of the samples. The optical sys-
tem consists of a 1000 W xenon lamp and a cutoﬀ ﬁl-
ter (λ>400 nm). 3 g/l catalysts was added into a 50 ml
phenol solution (C0=10 mg/l). Prior to irradiation, the
suspension was stirred in dark for 15 min to reach an
adsorption equilibrium. Samples were taken at regular
time intervals, separated by ﬁltration under reduced
pressure and analyzed by spectrophotometric method
of the 4-aminoantipyrine at 510 nm with a UNICO UV-
2102 spectrometer.
Photoelectrochemical test systems were composed of
a CHI 600D Electrochemistry potentiostat, a 500 W
Xenon lamp with or without cutoﬀ ﬁlters (λ>400 nm,
535 nm or 600 nm) and a homemade three electrode
cell using a platinum as counter electrode, Ag/AgCl as
reference electrode and Na2SO4 (0.5 M) as electrolyte.
Working electrode was prepared by depositing the sus-
pension of a paste (1 g catalyst powder, 2 ml terpineol
and 2 ml ethyl cellulose of 10 wt% ethanolic mixtures)
onto a ﬂuorine-doped tin oxide-coated glass (FTO) with
doctor-blade coating method and followed with calci-
nation at 500℃ for 2 h. During measurements, the
electrode was pressed against an O-ring of an electro-
chemical cell with a working area of 0.78 cm2. The
dependence of photocurrent on applied potential was
measured under various illumination conditions at a
sweep rate of 10 mv/s in a nitrogen purged Na2SO4
(0.5 M) electrolyte. The working electrodes were ir-
radiated from the back side (substrate/semiconductor
interface) in order to minimize the inﬂuence of thick-
ness of the semiconductor layer. If not speciﬁed, the
potential thereafter is versus Ag/AgCl.
Results and discussion
Figure 1 shows the microscopy morphology of a typi-
cal Au modiﬁed BiVO4 particle. The image of Fig. 1(a)
demonstrates that the small hetero nano-islands ho-
mogeneously disperse over the surface of BiVO4 mi-
cro particles. The micrograph shows these nanocrys-
talline islands of 8∼10 nm. The magniﬁed view of the
fringes in the TEM images of Fig. 1(b) and the inset in
Fig. 1(b) indicate the existence of a highly crystalline
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gold nanoparticle (well resolved Au (111) crystalline
lattices of 0.25 nm).
The color of gold modiﬁed BiVO4 is varied from light
green to dark green, and the color becomes darker
and darker with increases of gold content. Figure
2(A) shows the DRS of pure BiVO4 and gold modi-
ﬁed BiVO4. The ﬁrst band gap absorption edge of gold
modiﬁed BiVO4 is the same as that of pure BiVO4,
about 520 nm, corresponding to the band gap energy of
2.4 eV. However, the samples of gold modiﬁed BiVO4
have obvious SPR absorption band around 600 nm.
The absorption maximum are 608, 618, 619 and 630 nm
for the samples with 0.25, 0.5, 1 and 2 wt% gold con-
tent, respectively. Their SPR absorption bands are
red shifted obviously comparing with the colloidal gold
nanoparticles, whose absorption band is about 520 nm
when they have the same particle sizes [24]. The red
shift of SPR absorption bands has also been observed
for Au/TiO2 ﬁlms [13]. It can be explained by the ad-
ditional scatterer of the large BiVO4 supporter which
has a large refractive index [25] and the formation of
an indirect charge transfer band [13]. In addition, the
red shift of absorption maximum with increases of gold
contents is related with the gold particle sizes. Accord-
ing to the DP urea method, the average particle size
of gold would enlarge a little with a higher gold con-
tent [23]. This can be supported by the SEM image of
2 wt% Au/BiVO4 (S-Fig. 1), in which Au NPs shows
obviously larger sizes with several agglomerated parti-
cles. From the DRS results, the absorption intensity
is enhanced with increases of the gold content but al-
most the same for the two samples with 1 wt% and
2 wt% gold. Moreover, the SPR bandwidth for 2 wt%
Au/BiVO4 is enlarged to be 150 nm, more than 20 nm
wider than other samples. The enhanced absorption in-
tensity can be understood by the presence of more and
larger gold nanoparticles. However, because of the size
eﬀect, the absorption intensity of the sample the 2 wt%
Au/BiVO4 is not improved and the SPR bandwidth
enlarged.
The presence of gold cannot be resolved from the
XRD pattern (S-Fig. 2), in which BiVO4 still possesses
a monoclinic scheelite structure. This can be attributed
to the nanosizes, well dispersion and low contents of
gold nanoparticles. The metallic Au has been proofed
by the XANES measurements. Figure 2(B) shows the
Au LIII edge XANES spectra of Au/BiVO4, in compar-
ison with the reference spectra of Au2O3 and Au foil.
The intensity of the white line (WL), which is the ﬁrst
absorption above the edge in a XANES spectrum,
Fig. 1 Representative SEM (a) and HR-TEM image (b) of 1 wt% Au/BiVO4. The inset in Fig. 2(b) is the corresponding
magniﬁed views of Au nanocrystalline.
Fig. 2 (A) UV-vis diﬀuse reﬂectance spectra of BiVO4 and Au/BiVO4 and (B) Au LIII edge XANES spectra for the 1 wt%
Au/BiVO4 before (a) and after photocatalytic reaction (b), in comparison with those for the references Au foil (c) and Au2O3
(d), the curves were oﬀset vertically.
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corresponds to the density of the unoccupied d states
[21]. According to the correlation between the WL in-
tensity and the oxidation state of Au in the references,
nearly identical intensity of the WL for Au/BiVO4 and
Au foil conﬁrms that Au is present as metallic nanopar-
ticles in the samples.
Photocatalytic activity
The photocatalytic activity of Au/BiVO4 in phenol
degradation under irradiation above 400 nm (Fig. 3)
has been studied. The decrease of phenol concentra-
tion in the presence of pure BiVO4 is very small. It can
be attributed to the signiﬁcant recombination of pho-
togenerated carriers on the large particles. The perfor-
mance can be dramatically improved when loading with
gold NPs. Figure 3 also reﬂects the eﬀect of Au con-
tent on the photocatalytic activity. 0.5 wt% and 1 wt%
Au/BiVO4 have the close best activity, with a phenol
concentration reduction as much as 99% in 150 min.
However, the gold content increased to 2% would de-
crease the activity. It can be understood by the two
facets. When the noble metal NPs served as electron
sinks, higher gold content would form overlapping ag-
glomerates and smother the surface of the main pho-
tocatalyst BiVO4 [26]. Moreover, when the Au NPs
serve as electron sources with SPR excitation, increas-
ing gold content to 2 wt% did not enhance the absorp-
tion intensity due to the enlarged particle sizes. In ad-
dition, from Fig. 2(B) the identical WL intensity of Au
in the Au/BiVO4 before and after photocatalytic reac-
tion indicates the metallic gold on the BiVO4 is chem-
ical stable and no reoxidation occurs under photocat-
alytic reaction conditions. The photocatalytic activity
of BiVO4 has almost disappeared due to the absorption
edge of BiVO4 at about 520 nm. Moreover, upon illu-
mination above 535 nm, 1 wt% Au/BiVO4 shows negli-
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Fig. 3 The decrease of phenol by diﬀerent photocatalysts
as a function of visible light irradiation time (λ>400 nm or
λ>535 nm).
eﬃciency indicates that SPR eﬀect of Au NPs con-
tribute little to the photocatalytic degradation for or-
ganic substance.
Photoelectrochemical preformance
The charge transfer mechanism of the gold modiﬁed
BiVO4 has been further investigated by photoelectro-
chemical measurements. Figure 4 is the current density-
potential curves of BiVO4 and 1 wt% Au/BiVO4 upon
various irradiation conditions with a nitrogen purged
electrolyte. Gold NPs modiﬁed BiVO4 shows a higher
anodic photocurrent under all irradiation conditions,
which parallels the enhanced photocatalytic activity.
The sharp increase of dark cathodic current below
−0.25 V vs. Ag/AgCl for Au/BiVO4 indicates that
the gold NPs are active centers for electron scaveng-
ing and transfer, and promotes the water electrolysis
process [27]. Photocurrent onset potential (Uon) can
be estimated as the quasi Fermi level of semiconduc-
tor electrode, which is also corresponding to the posi-
tion where electrons transfer out. For BiVO4 electrode,
the Uon is independent of the illumination condition,
which is around −0.49 V vs. Ag/AgCl, close to our
previous reports [28]. However, the Uon of Au/BiVO4
is shift negatively upon illumination with low energy.
It can be obviously observed from Fig. 4(b) that the
Uon are about −0.34, −0.38 and −0.49 V vs. Ag/AgCl
for whole spectrum, λ>400 nm and λ>535 nm irradia-
tion, respectively. It is interesting that the Uon for the
Au/BiVO4 electrode is the same as BiVO4 when illu-
minated with a λ longer than 535 nm, whereas upon
the same illumination the photocurrent is almost dis-
appeared for pure BiVO4. Moreover, when illuminated
under the former two conditions, there are obvious ca-
thodic photocurrents at a bias more positive than the
corresponding Uon. This can be further conﬁrmed by
the photocurrent transient curves at a bias of−0.4 V vs.
Ag/AgCl shown in Fig. 5(a). When illuminated with
a whole spectrum or λ longer than 400 nm, cathodic
photocurrents with an initial spike and subsequent de-
cay indicating signiﬁcant surface recombination can be
observed [28-30]. It should be noted that the applied
potential is still more positive than the ﬂat band po-
tential of BiVO4. Figure 5(b) shows the photocurrent
transients of the Au/BiVO4 electrodes with various Au
contents upon the illumination λ>600 nm. Obvious an-
odic photocurrents can be observed upon the illumina-
tion with the photon energy lower than the band gap of
BiVO4. Moreover, it can be observed that the anodic
photocurrents are 0.93, 0.46, 0.40 and 0 μA/cm2 for the
2 wt%, 1 wt%, 0.5 wt% Au/BiVO4 and BiVO4, respec-
tively. The generated photocurrents increased with the
contents of Au NPs, suggesting that the plasmonic ab-
sorption of Au NPs induced electrons excitation and
resulted in the anodic photocurrents.
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Fig. 4 Current density-potential curves of (a) BiVO4 and (b) 1 wt% Au/BiVO4 in 0.5 M Na2SO4 solution.
Fig. 5 Photocurrent transients of (a) 1 wt% Au/BiVO4 electrode under various illumination conditions at −0.4 V vs.
Ag/AgCl bias and (b) Au/BiVO4 electrodes with various Au contents under λ>600 nm illumination at 0.2 V vs. Ag/AgCl
bias.
Implications on the role of Au NPs
The charge transfer schemes of Au/BiVO4 electrode
in various cases have been plotted in Fig. 6. Firstly, ap-
plying a more positive bias than −0.34 V vs. Ag/AgCl
on the electrode (Fig. 6(a)), there is a more eﬀec-
tive band bending at the interface of semiconductor
(BiVO4)/electrolyte. The photogenerated electrons
would transfer faster to the conductive substrate and
produce an anodic photocurrent, and simultaneously
holes would migrate out from the valence band of
BiVO4. In this case the electron transfer from the con-
duction band of BiVO4 to the Fermi level of gold NPs is
not the main process. When upon irradiation with pho-
ton energy high enough to lead interband excitation of
gold NPs from 5d to 6sp [14,31,32], the Au NPs are elec-
tron sources but not electron sinks. It could be one rea-
son for the enhanced anodic photocurrent of Au/BiVO4
electrode. However, it is known that the strong inter-
band absorption of Au NPs is below 400 nm [14,32]. So
it is not the reason for the enhanced anodic photocur-
rent upon λ>400 nm. Considering the Au NPs served
as electron sources, the promoted charge separation and
the inhibited surface recombination could be another
reason for the enhanced photocurrent. The process that
analogous p-n heterojunction for Au/BiVO4 composite
has also been described for the Pt modiﬁed TiO2 nan-
otubes [33].
When the applied bias is closed to the ﬂat band
of BiVO4, the band bending becomes small and the
build in voltage decreased. Here the role of Au NPs
as electron sinks is important. Photogenerated elec-
trons would more rapidly transfer to Au NPs due to
the Ohmic contact at the interface and the lower work
function of Au (about 5.1 eV [27]) compared with the
conduction band of BiVO4. Simultaneously photogen-
erated holes would migrate from valence band of BiVO4
to the substrate, resulting in a cathodic photocurrent.
Electrons trapped in the Au NPs would be consumed
as they are active centers for water electrolysis [27].
When the energy of photons is high enough, the in-
terband excitation of Au NPs occurs and the excited
electrons transfer to the conduction band of BiVO4.
Then the Au/BiVO4 composite can also be deemed as
a Z-scheme with a two-photon process. Although there
are SPR absorption in the both illumination conditions
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in Fig. 6(a) and Fig. 6(b), it can be ignored because
of its weak photocurrent response and low eﬃciency
for photo(electro)catalytic reactions [22]. However, the
SPR eﬀect of Au NPs has to be considered in the third
cases, as described in Fig. 6(c). Upon illumination with
λ>535 nm, there is obvious anodic photocurrent for
Au/BiVO4 even at a bias closed to the ﬂat band of
BiVO4. The photocurrent response upon λ>600 nm il-
lumination can even be observed (Fig. 5(b)). The pho-
tocurrent is mainly originated from the plasmonic exci-
tation of Au NPs. Due to the SPR eﬀects, the intraband
excitation of 6sp electrons migrate to conduction band
of BiVO4, which has a well electron-accepting property
due to its high density of states, and then transfer to the
conductive substrate under the build-in voltage, form-
ing an anodic photocurrent. In this case water splitting
should not take place due to the work function of Au is
not enough for water oxidation. However, the potential
originated from the band bending of BiVO4 is power-
ful enough to drive electrons ﬂowing, so as to produce
anodic photocurrents. Uon of Au/BiVO4 with illumi-
nation λ>535 nm is close to that of the BiVO4 proof
above process. According to above analysis, it can be
expected to employ Au NPs as electron sources or sinks
for photoexcitation process by controllable wavelength
and applied potential, which is applicable in the se-
lective photocatalytic reaction, light-driven logic gates
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Fig. 6 Simpliﬁed scheme of the primary processes occurring upon excitation of an Au/BiVO4 electrode. ((a): bias> −0.34 V;
(b): λ <535 nm, bias< −0.34 V; (c): λ>535 nm).
Conclusion
Au modiﬁed BiVO4 has been synthesized by deposi-
tion precipitation urea method. The highly crystallized
Au nanoparticles with a size of 8∼10 nm dispersed on
the surface of BiVO4 particles. Stable metallic gold
has been proofed by XANES. The SPR absorption of
Au NPs has been analyzed by DRS. Enhanced pho-
tocatalytic and photoelectrochemical performance for
Au/BiVO4 has been observed by the phenol degra-
dation and anodic photocurrent measurements. The
changes of photocurrent onset potential and photocur-
rent transient under various illumination conditions in-
dicated diﬀerent charge transfer processes and a com-
plicate role of Au NPs. The SPR eﬀect is negligible on
the photocatalytic but observable by photocurrent mea-
surements. The controllable role of Au NPs as electron
sources or sinks by wavelength and applied potentials
is important for photoexcitation physical or chemical
processes.
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